During the development of the central nervous system, progenitors successively generate distinct types of neurons which assemble into the circuits that underlie our ability to interact with the environment. Spatial and temporal patterning mechanisms are partially evolutionarily conserved processes that allow generation of neuronal diversity from a limited set of progenitors. Here, we review examples of temporal patterning in neuronal progenitors in the Drosophila ventral nerve cord and in the mammalian cerebral cortex. We discuss cellautonomous mechanisms and environmental influences on the temporal transitions of neuronal progenitors. Identifying the principles controlling the temporal specification of progenitors across species, as highlighted here, may help understand the evolutionary constraints over brain circuit design and function.
Introduction
Neurons are the building blocks of the circuits of the central nervous system (CNS). As such, initial neuronal diversity sets the frame for the diversity of circuits that can be built, and hence for an animal's behavioral repertoire. The last few years have provided us with an increasingly detailed census of the distinct neuronal cell types that populate the CNS, and particularly the cerebral cortex, thanks in particular to the advent of high-throughput single-cell technologies (reviewed in Ref. [1] ). Despite this expanded cellular taxonomy, the origins of neuronal diversity remain poorly understood.
Two main processes have been involved in the developmental generation of diverse types of cells of the CNS: spatial patterning and temporal patterning. The patterning of molecularly distinct progenitors and daughter cells into separate spatial domains ('spatial patterning') is widespread throughout the CNS, including in the retina [2] , spinal cord [3] , cerebellum [4] , and ventral pallium [5] . In addition to this process, however, in many cases, neuronal diversity also emerges from 'temporal patterning', that is, in the successive emergence of progenitors and neurons with distinct molecular properties within confined brain regions. In this review, we will focus on this latter process and highlight select aspects of temporal progression in neural progenitor identity and their ability to sequentially generate diverse neuronal subtypes in the developing Drosophila ventral nerve cord (VNC) and mouse neocortex. Our review is focused on select examples of temporal patterning in both of these species, and interested readers can refer to previous reviews addressing other aspects of nervous system patterning (in particular spatial patterning) [6] [7] [8] [9] .
Temporal patterning in Drosophila neuroblasts
Much of our understanding of the mechanisms controlling neuronal specification by temporal patterning comes from studies performed in the common fruit fly Drosophila melanogaster. Temporal patterning in Drosophila occurs throughout the developing CNS (comprising the central brain, the optic lobes, and the VNC) during both embryonic and larval stages. Here, we review select examples of temporal patterning in the embryonic VNC, since exhaustive reviews on the temporal specification in the Drosophila CNS across developmental stages have recently been published [10] [11] [12] .
Neurons and glial cells of the Drosophila VNC are generated by neural stem cells called neuroblasts. Each neuroblast has a unique spatial identity (resulting in around 100 unique neuroblasts in each lobe of the central brain, and around 30 unique neuroblasts in each hemisegment of the VNC (reviewed in Ref. [6] ) and produces a stereotyped series of progeny over time [13] . Drosophila neurogenesis occurs in two sequential waves; a first wave occurs during embryogenesis (contributing to around 10% of adult neurons), which is followed by a longer second wave spanning larval and pupal stages, during which the vast majority of neurons and glia of the adult CNS is generated [14, 15] (Figure 1a ).
Temporal patterning has been first and best described in Drosophila embryonic VNC [16] [17] [18] . The VNC contains type I neuroblasts, which have short lineages and divide a total of about five times, within a single day. Type I neuroblasts generate a neuroblast and a ganglion mother cell (GMC) at each division; the latter divides once more to produce a pair of neurons or glial cells. Early-born progeny are displaced by later-born progeny, resulting in a laminar organization of the VNC reflecting birth order: early-born neurons are located in deep layers and late-born neurons in more superficial layers [2] , as is the case in the mammalian cerebral cortex [19, 20] .
Each neuroblast in the embryonic VNC sequentially expresses a series of temporal transcription factors (tTFs), that is, transcription factors which specify the temporal identity of neurons born during their time window of expression. Hunchback (Hb) is expressed first, followed by Kruppel (Kr), POU domain proteins 1 and 2 (Pdm), Castor and Grainy head [16] [17] [18] (Figure 1b) . tTF 
Temporal plasticity of Drosophila neuroblast competence
The competence of neuroblasts to successively produce distinct neuronal types at successive stages of their lineage has been best studied using ectopic (i.e. heterochronic) expression of tTFs [35, 36] . Ectopic expression of the early tTF Hb at later stages in the NB7-1 neuroblast lineage induces the generation of early-born neuronal types that are normally specified during the Hb expression window [35, 36] . However, competence to respond to ectopic Hb is lost after the fifth division of this neuroblast, at a time point when daughter cell fate switches from motor neurons to interneurons. This loss of competence to respond to Hb is thought to be due to a repositioning of Hb target genes close to the nuclear lamina, which renders them inaccessible, as exemplified by the silencing of Hb itself through such a process [37] (Figure 1b ). This genomic reorganization occurs in near synchrony within the entire neuroblast population, suggesting that an extrinsic global signal may trigger this process [2, 37] . Similarly, in the NB7-1 and NB3-1 lineages, Kr specifies third-born U3 motor neurons and its mis-expression between the third and fifth neuroblast division induces the generation of such motor neurons [36] , but the competence to respond to Kr is lost when the neuroblast transits to generating interneurons. Polycomb repressive complexes (PRCs), which are multi-protein complexes that inhibit transcription via epigenetic silencing, restrict the competence of NB7-1 and NB3-1 neuroblasts to respond to Kr, such that decreased PRC activity extends the competence window for motor neuron generation [38] . PRCs are also found in mammalian neural progenitors, where they regulate progenitor identity and control the switch from neurogenesis to gliogenesis [39, 40] . Finally, progressive restriction in the competence to respond to specific signals is not limited to neuroblasts but has also been observed in intermediate progenitors, which lose competence to respond to Notch-signaling as they age [41] .
Temporal patterning in the mammalian cerebral cortex
As is the case in Drosophila, at least some neural progenitors in vertebrates also generate distinct neuronal subtypes over time, and this process has been particularly well studied in the mouse neocortex. The neocortex is organized in six layers, each enriched in specific subtypes of neurons with distinct molecular identities, morphologies, and connectivity [19, 20] . In the developing neocortex, excitatory neurons are generated from apical progenitors (APs) located in a deep germinal zone adjacent to the lateral ventricles (ventricular zone, VZ showed that these progenitors exist throughout corticogenesis and sequentially generate deep then superficial layer projection neurons [43] . Subsets of fate-restricted progenitors may, however, exist, since CUX2-expressing progenitors have been proposed to exclusively produce superficial layer neurons. These cells were found in the ventricular zone as early as E12.5, and would undergo several rounds of proliferative divisions before undergoing neurogenic divisions at the time of superficial layer neuron generation [44] . Such fate-restricted progenitors, if present at all, are probably rare, however, since they
have not yet conclusively been identified in single-cell RNA sequencing datasets [45, 46] .
Cortical progenitors cultured in vitro recapitulate the normal course of corticogenesis and produce early-born deep layer neurons before generating late-born superficial layer neurons [47] . However, several studies have reported an underrepresentation of late-born superficial layer neurons in in vitro systems [47, 48] , and the proportion of early-born to late-born fates is influenced by culture conditions [32 ,49] . [48] . Together, these findings suggest that temporal progression of cortical progenitors may require additional cell-extrinsic cues to express their competence to generate superficial layer neurons.
An important question is whether fate progression of cortical progenitors necessarily implies fate restriction. Spatially parcellated progenitors belong to distinct lineages and are thus relatively independent in their fate progression. Temporal parcellation instead requires a mechanism to repress past competences and induce new ones, but whether this mechanism is reversible or not has not been systematically examined with modern analytic tools. Seminal work in the ferret has investigated the plasticity in the neurogenic competence of cortical progenitors at different developmental stages using heterochronic transplantations. These studies revealed that early progenitors transplanted into a late environment are able to produce late-born superficial layer neurons, suggesting that early progenitors are multipotent and respond to cues present in a later environment [50, 51] . In contrast, late progenitors transplanted into younger hosts did not reset their neurogenic competence and invariably gave rise to superficial layer neurons [52] , suggesting that progenitors at late stages of corticogenesis become fate-restricted. A different interpretation, however, is that at late stages of corticogenesis, and particularly in the ferret, transplanted progenitors consist mostly of transit amplifying cells, including IPs, rather than APs. Thus, as suggested by a recent preprint from our laboratory, the lack of plasticity in neurogenic competence upon transplantation into younger hosts may reflect cell-type specific differences in AP and IP competence rather than a progressive restriction in the competence of APs [53] .
Control of temporal transitions in APs
In contrast to the well-characterized temporal sequence of tTFs in Drosophila, the temporal transcriptional dynamics in mammalian cortical progenitors are still relatively poorly described with only few genes identified so far. Cortical progenitors express the transcription factor FOXG1 during early stages of corticogenesis, as they transit from Cajal Retzius cell production to deep layer neuron production. Loss of FOXG1 at mid stages of corticogenesis leads to heterochronic generation of Cajal Retzius neurons, thus suggesting that continued FOXG1 expression is necessary to suppress Cajal Retzius production [54] . A core transcriptional network of layer-enriched transcription factors including FEZF2, CTIP2, TBR1 and SATB2 has been identified over recent years [55] . These factors cross-regulate each other's expression, which is thought to allow the sequential acquisition of deep then superficial layer identities in newborn neurons (Figure 2b) . However, none of these transcription factors are clearly temporally regulated and some of them (e.g. CTIP2) are expressed in post-mitotic neurons but not in APs [56] [57] [58] [59] . Interestingly, late-born neurons initially express a combination of lamina-specific markers, and only later their identity is refined to include only superficial neuron markers. This process, which has been termed 'transcriptional priming' and which is also found in the hematopoietic system, suggests that final neuronal identity is progressively acquired in the course of development [46,60 ,61] .
Despite the lack of unequivocal tTFs in the neocortex, the mammalian homolog of Hunchback Ikaros (Ikzf1) provides a potential example of evolutionary functional conservation, as it is highly expressed in APs during early corticogenesis and promotes early-born deep layer fates [22] . Induction of Ikaros expression in late cortical progenitors (where it is normally downregulated) is not, however, sufficient to induce ectopic generation of deep layer neurons. This suggests that competence to respond to Ikaros is lost over time, reminiscent of the progressive loss of competence to respond to Hunchback and Kruppel in Drosophila neuroblasts [35] [36] [37] [38] . FEZF2, which is expressed by early-born, deep-layer neurons is able to give rise to such neurons when overexpressed later in corticogenesis, but cannot per se be called a tTF, since the progeny of FEZF2 expressing APs are found in all cortical layers [43, 57] .
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Epigenetic regulation plays a critical role in the progression of neocortical progenitor identity. This has been the topic of a detailed recent review [62] and will only be briefly discussed here. A recent study analyzing the DNA methylation status of progenitors at different stages of corticogenesis reported that APs are regulated by three successive waves of demethylation, coinciding with the period of neurogenesis, astrogenesis and oligodendrogenesis [63 ] . In line with this, in neurogenic APs the promoters of core astrocytic genes are hypermethylated, preventing APs to respond to gliogenic extracellular cues that are already present early in corticogenesis [64] [65] [66] . Similarly, in late APs, the Polycomb group complex (which is also involved in identity progression in Drosophila, see Ref.
[38] and discussion above) has been reported to repress the promoter of proneural genes such as Ngn1, thus favoring the transition to gliogenesis [67] .
Non-cell autonomous controls over AP temporal identity
As has been reported for Drosophila larval neurogenesis [33 ,34], cell-extrinsic factors are involved in the progression of temporal identity in the mammalian neocortex (Figure 2c) .
We have recently shown that progressive hyperpolarization is required for progression in the neurogenic competence of APs, through a mechanism involving regulation of Wnt signaling [68 ] . Supporting a pathophysiological relevance of these findings, mutation in the sodium channel SCN3A, which is expressed in cortical progenitors, leads to cortical folding defects in humans [69 ] . Thus, environmental signals, by regulating AP membrane potential, may affect the course of neurogenesis. Given their anatomical location lining the lateral ventricles, APs are directly influenced by the cerebrospinal fluid (CSF), which contains a large and highly dynamic set of diffusible proteins including regulators of cell survival and proliferation [70] [71] [72] [73] . Neuron-derived signals may also be involved, and thalamic axons, in particular, may serve as a source of signaling factors to modulate the cell cycle length, proliferation rate and neuronal output of cortical progenitors and fine-tune post-mitotic neuronal identities in an area-specific manner [74] [75] [76] .
Illustrating a role for neuronal progeny in controlling AP behavior, deletion of the transcription factor SIP1 specifically in newborn neurons leads to a precocious generation of superficial layer neurons and increased gliogenesis through feedback Fgf9, Ntf3 and Wnt signaling from newly born neurons to cortical progenitor cells [77, 78] . In addition, the embryonic genetic ablation of deep layer neurons using Neurog2
CreER/+ mice lengthens the period of deep layer neuron production at the expense of superficial layer generation, suggesting that feedback cues from post-mitotic deep layer neurons are transmitted to APs to allow their temporal transitions and generation of superficial layer neurons [79] .
Finally, as mentioned above, post-mitotic controls over the temporal identity of neurons are also at play in the developing neocortex, including through interactions with subplate and thalamocortical afferents [80 ,81 ], which together sculpt developing neurons into their final stage-specific identity.
Perspectives
To sequentially generate distinct neuronal cell types, neuronal progenitors progressively change their temporal identity by integrating cell-autonomous transcriptional dynamics and environmental cues. This progression determines the identity of the neuronal progeny, and hence subsequent circuit assembly and function. Given the overarching role of temporal patterning in the assembly of the nervous system, it will be interesting to examine whether abnormal molecular patterning, once better characterized, is a common process at the root of seemingly disparate neurodevelopmental disorders.
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